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Available online 28 April 2016AbstractThe shale of the Lower Silurian Longmaxi Formation has become a key target for shale gas exploration and development in China recently.
The origin of carbon and hydrogen isotopic reversal in shale gas is discussed in this paper based on the analysis of the chemical components and
stable isotope composition of natural gas in the Carboniferous Huanglong Formation sourced from Longmaxi Formation and Longmaxi shale
gas. The shale gas was mainly composed of hydrocarbon gas in which the content of CH4 was in the range of 95.52%e99.59%, C2H6 0.23%e
0.72%, and C3H8 0.0%e0.03%. The drying coefficient (Cl/Cle5) was more than 0.99, indicating typical dry gas. The values of d
13C1, d
13C2 and
d13C3 ranged from 37.3‰ to 26.7‰, 42.8‰ to 31.6‰, and 43.5‰ to 33.1‰, respectively. The carbon isotope values indicated that
the hydrocarbon gas was an oil-type gas. However, the reversal of carbon and hydrogen isotopes of hydrocarbon gases in shale gas occurred, i.e.,
d13C1 > d
13C2, dD1 > dD2. The geochemical characteristic of high thermal maturity and carbon isotope reversal in the Longmaxi shale gas was
similar to those of the Fayetteville shale gas in U.S. The Longmaxi shale gas is a mixture of gases from decomposition of kerogen at high
thermal maturity and cracking of soluble organic matter retained within the shale, suggesting there is an abundance of shale gas to support high
productivity.
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Petroleum Exploration and Development, PetroChina. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is
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Shale gas is defined as the natural gas that occurs in a free
and adsorbed state mainly in organic-rich shale and its thin-
interbed layers such as siltstone and carbonate. Since 2005,
with the development of horizontal-well multi-staged frac-
turing technology, the annual production of shale gas in the* This is English translational work of an article originally published
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China. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an openU.S. has increased quickly. Its annual production in 2012
reached 275 billion cubic meters (BCM) and accounted for
40% of the total natural gas production in U.S [1]. Encouraged
by the success of U.S. shale gas revolution, a wave of shale gas
exploration and development has raised in many countries.
Since 2003, Chinese scholars have paid more attention to
North American shale gas activity and the technology used in
exploration and development [2e6]. With the advance of
research and exploration technology, several breakthroughs
and progress have been made in marine and lacustrine shale
gas of the Sichuan Basin and its surroundings, and lacustrine
shale gas of the Ordos Basin [7e10]. At the end of 2013, the
first five BCM shale gas productivity project of Fuling Gas
Field was launched by Sinopec. In July 2014, proven
geological reserves of 106.75 BCM shale gas were identifieds AND Langfang Branch of Research Institute of Petroleum Exploration and Development, Petro-
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Ministry of Land and Resources of PRC, which marks the
birth of China's first large shale gas field. Meanwhile, Petro-
China launched the construction of the Weiyuan-Changning
and Zhaotong national shale gas demonstration area, and
several wells such as Well Wei 204 and Well Ning 201-H1
gained prolific shale gas flows in the Longmaxi Formation.
Presently, the Lower Silurian Longmaxi Formation has
become a key target for shale gas exploration and development
in China (Fig. 1).
Unlike the natural gas that undergoes the process of hy-
drocarbon generation, expulsion and migration from source
rock to trap, shale gas is in the self-sourced reservoir system
with low porosity and permeability, which has a different
occurrence state such as free, absorbed and dissolved. Because
of different accumulation mechanisms, there are certainly
differences in the geochemical characteristics of shale gas and
natural gas. In recent years, authors found carbon isotopic
reversal phenomena in shale gas; however, many divergences
in the origin of these isotopic anomalies still exist [11e25],
including: (1) mixing of gases from kerogen-pyrolysis and
secondary cracking of oil at high maturity [12e19], (2) Ray-
leigh fractionation during redox reaction of gases [20], (3)
isotopic fractionation introduced from gas adsorption/desorp-
tion and diffusion [21,22], and (4) reaction of organic com-
pounds with water [23,24]. Gas and source rock correlationFig. 1. Location of Huanglong gas field and key Longmaxi shalestudies show that the natural gas of the Carboniferous
Huanglong Formation is mainly sourced from the Lower
Silurian Longmaxi Formation [26,27]. The chemical compo-
nents and stable isotope composition of gases from the
Carboniferous Huanglong Formation and the Lower Silurian
Longmaxi Formation of some key exploratory wells were
compared with those of Barnett and Fayetteville in order to
reveal the differences of gas formation mechanisms and
characteristics of carbon and hydrogen isotopic fractionation
between the Longmaxi shale gas and natural gas from con-
ventional reservoirs.
2. Gas sampling and analytical methods
All gas samples were collected directly from producing or
exploratory wells with high pressure cylinder (Volume
1000 mL, maximum pressure 15 MPa) after flushing the lines
and cylinder several times by closing the discharge valve in
order to keep the gas pressure at 4e5 MPa in the cylinders,
then closing the inlet valve. After the completion of sampling,
the cylinder was tested for leakage. The chemical component
of Longmaxi shale gases from Fuling were analyzed using
CP3800 gas chromatography produced by U.S. Varian Com-
pany, and the detector was equipped with Flame Ionization
Detector (FID) and Thermal Conductivity Detector (TCD)
Hydrocarbon component analysis was undertaken with angas wells in the Sichuan Basin (modified after Refs. [18,27]).
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gas and a FID detector. Non-hydrocarbon gas analysis was
performed with a Molsieve13X packed column, using helium
as the carrier gas and a TCD detector. The analysis of H2 was
performed with a Molsieve 5 packed column using N2 as the
carrier gas and a TCD detector. The temperatures of the
injector and detector were 120 C and 180 C, respectively.
The temperature of the column was programmed from 50 C
(held for 2.5 min) to 105 C (held for 2 min) at 10 C/min, and
then to 130 C at 10 C/min. The split ratio and the Injection
Volume were 2:1 and 5 mL, respectively. Standard gas samples
were used to demarcate and analyze the hydrocarbon
composition. Carbon isotopic composition was analyzed using
a MAT253 isotope mass spectrometer produced by the U.S.
Thermo Finnigan Company. Gas chromatography analysis was
performed using the chromatographic column of HP-Plot Q
(30 m  0.32 mm  20 mm) in constant current mode with a
column flow rate of 1.0 mL/min. The temperature of the in-
jection room was 150 C, and the column was programmed
from 60 C (held for 2.5 min) to 80 C at 5 C/min, then to
130 C (held for 4 min) at 10 C/min and to 240 C (held for
3 min) at 20 C/min. The split ratio was 15:1. Mass spec-
trometry conditions included: (1) electron impact (EI) ion
source, (2) an emission current of 1.5 mA, (3) an accelerating
voltage of 10 kV, and (4) electron energy of 70 eV.
The chemical and carbon isotope composition of Huang-
long natural gas in the Sichuan Basin were performed by KeyTable 1
Geochemical data of natural gas from the Carboniferous Huanglong Formation of
Gasfield Well Depth/m Chemical component/%
N2 CO2 H2S CH4 C2H6
WLH Wo 48a 3804.5e3829.8 0.65 0.81 0.17 97.87 0.43
Wo 58a 3752.0 0.66 1.44 0.24 97.13 0.46
Wo 88a 4372.0 0.86 1.38 0.12 97.02 0.52
Wo 94 3850.0 0.52 1.44 0.14 96.91 0.88
Wo 70 4254.0 0.55 1.46 0.15 96.91 0.82
FCZ Cheng 8a 3881.06e3940.5 1.01 2.31 0.19 95.99 0.45
Cheng 13a 3809.0 1.12 2.53 0.28 95.63 0.38
WBT Tiandong 1a 4212.5e4243.0 0.77 1.00 0.18 97.38 0.50
Tiandong 53 4442.0 0.28 8.23 5.41 85.81 0.26
Tiandong 51 5035.0 0.76 1.78 0.12 96.29 0.95
XGS Xiang 22a 2660 0.37 0.58 98.05 0.88
SJB Qili 7a 4943.5 2.43 2.68 0.14 94.24 0.28
ZJC Zhang 2a 4479.1 0.83 1.75 0.25 96.75 0.36
TS Tie 4a 0.30 1.11 0.79 97.51 0.19
Tieshan 4 4035.0 0.68 0.87 0.77 97.47 0.19
GFC Feng 6a 4923.0 1.08 1.09 0.25 97.32 0.22
Feng 8 5194.0 3.26 1.22 0.08 94.28 1.06
SGP Guan 10a 4774.0 1.07 1.29 0.33 96.78 0.34
Guan 19 4388.0 0.67 1.34 0.42 96.79 0.73
SPC Tiandong 93a 4977 0.98 2.59 0.01 95.45 0.88
Yuedong 1 5171 0.67 1.76 0.05 96.61 0.84
TMC Qili 53 4806 0.43 1.54 0.40 97.00 0.61
Qili 28 5046 1.60 1.52 0.34 95.84 0.66
LM Tiandong 9 4588.0 0.79 1.67 0.04 95.78 1.27
LYP Lei 12 3772 2.00 0.41 0.15 96.41 0.69
WQ Wenquan 11 2.19 1.28 96.07 0.35
JN Jian 32-1 3744 4.58 1.00 92.72 1.24
a Data from Refs. [27], Wetness (%) ¼ (C2e5/C1e5)  100.Laboratory of Oil and Gas Resources Research of the Chinese
Academy of Sciences. Test instrumentation and processes are
shown in Ref. [28] and data in Refs. [18,27].
3. Gas geochemistry characteristics3.1. Chemical component propertiesThe natural gas from the Carboniferous Huanglong For-
mation in the Sichuan Basin was mainly composed of methane
which ranged from 85.81% to 98.05% (average 96.00%).
C2H6 and C3H8 accounted for 0.23%e0.72%, and 0%e0.03%,
respectively. Non-hydrocarbon gases were composed of N2,
CO2 and H2S. Among them, N2 accounted for 0.28%e4.58%,
with an average of 1.15%. CO2 accounted for 0.41%e8.23%,
with an average of 1.71%. The content of H2S was generally
low, except for Well Tiandong 53 in the WBT gas field which
amounted to 5.41% (Table 1). The wetness coefficient (C2e5/
Cle5  100%) was in the range of 0.20%e1.76% and the
drying coefficient (Cl/Cle5) was more than 0.98, indicating
typical dry gas.
The shale gas from the Silurian Longmaxi Formation in the
Sichuan Basin was predominantly composed of CH4 with a
content range of 95.52%e99.59%, with an average of 98.54%.
C2H6 and C3H8 accounted for 0.23%e0.72%, and 0.0%e
0.03%, respectively. Non-hydrocarbon gases were composed
of N2 and CO2, which accounted for 0.0%e2.95%, andSichuan Basin.
d13C/‰ dD/‰
C3H8 C4H10 Wetness/% CH4 C2H6 C3H8 CO2 CH4 C2H6
0.03 0.47 32.2 36.0
0.05 0.005 0.53 32.6 36.3 27.1
0.06 0.004 0.60 32.7 34.6 31.5
0.11 1.01 32.4 36.9 33.2 5.4 116 138
0.10 0.94 36.8 33.4 25.1 3.8
0.02 0.49 32.1 35.9
0.02 0.42 32.9 36.6
0.06 0.007 0.58 32.4 37.3 34.2
0.30 31.8 31.0 1.6 117 100
0.09 1.07 31.9 37.2 35.9 4.2 123 134
0.12 1.01 33.0 35.1 33.1 5.8
0.01 0.31 31.8 34.4
0.03 0.40 33.2 35.7 29.2
0.01 0.20 32.0 33.9
0.01 0.20 30.8 8.0 116
0.23 32.6 34.6
0.1 1.22 33.8 37.3 35.0 6.3 122 129
0.01 0.36 31.8 33.6
0.05 0.80 31.8 36.2 35.6 7.7 118
0.09 1.01 35.1 37.4 34.5 5.0
0.07 0.93 33.4 37.3 35.2 4.8 108 118
0.02 0.65 31.9 34.6 33.7 3.9 123 110
0.03 0.71 31.3 4.9 117 119
0.42 0.03 1.76 34.6 38.0 36.4 3.8 122 138
0.15 0.86 34.6 38.5 4.2 131 122
0.04 0.40 32.5 38.8 5.7 112
0.34 1.68 37.0 41.8 38.2 5.6 126 161
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tively (Table 2). The wetness coefficient of shale gas was very
low and ranged from 0.24% to 0.73%, and the drying coeffi-
cient (Cl/Cle5) was larger than 0.99 (Fig. 2), indicating typical
dry gas. These characteristics are in accordance with those of
the high-maturity shale gas in North America, but different
from the low-maturity shale gas of Barnett, Antrim and New
Albany in North America, as well as the Yanchang Formation
of the Ordos Basin [9,14,15,29]. Compared with Huanglong
natural gas, Longmaxi shale gas had a higher CH4 content and
less heavy hydrocarbon and non-hydrocarbon gas content.
Moreover, the Longmaxi shale gas did not contain H2S. The
origin of H2S has three main sources: BSR (Bacterial sulfate
reduction), TDS (Thermal decomposition of sulfides) and TSR
(Thermochemical sulfate reduction) [28,30e32]. There are
two main reasons why Longmaxi shale gas has no H2S: one is
that organic sulfide of shale migrated into a reservoir in the
form of mercaptan, sulfide, thiophene, benzothiophenes and
dibenzothiophene of crude oil; and the other is that sulfur-
containing organic compounds were unstable at temperatures
above 80 C, and the heteroatom of kerogen was fractured
gradually and generated a small amount of hydrogen sulfide.
Once the temperature reached 130 C, organic compounds
containing sulfur decomposed and generated H2S [30,32].
Most of the H2S migrated out of the shale series with crude oil
and gas formed by kerogen thermal degradation; however, a
small amount of H2S residue in shale formation could react
with iron ions to generate metal sulfides such as Pyrite.3.2. Carbon isotopic compositionStable carbon and hydrogen isotopic compositions are
effective indicators used to determine gas genetic type. Among
them, the d13C1 value is controlled by kerogen type and
maturity, and the d13C2 value mainly reflects the inheritance
effect of carbon isotope of hydrocarbon-generating material.
Generally, d13C2 z 28‰ can be used as the criteria forTable 2
Geochemical data of shale gas from the Silurian Longmaxi Formation of Sichuan
Area Well Depth/m Chemical component/%
N2 CO2 CH4 C2H6
Weiyuan Wei 201a 1520e1523 0.81 0.36 98.32 0.46
Wei 201a 1520e1523 0.42 99.09 0.48
Wei 201-H1a 2840 2.95 1.07 95.52 0.32
Wei 201-H1a 2840 0.43 1.06 98.56 0.37
Wei 202a 2595 0.01 0.02 99.27 0.68
Wei 203a 3137e3161 0.08 1.05 98.27 0.57
Changning Ning 201-H1a 2745 0.3 0.04 99.12 0.5
Ning 201-H1a 2745 0.4 99.04 0.54
Ning 211a 2313e2341 0.17 0.91 98.53 0.32
Zhaotong Zhao 104a 2117.5 0.15 0.07 99.25 0.52
YSL1-1Ha 2002e2028 0.03 0.01 99.45 0.47
Fushun-
Yongchuan
Yang 201-H2a 4568 0.01 0.06 99.59 0.33
Lai 101a 4700 0.61 1.48 97.64 0.23
Fuling Jiaoye 1-3HF 2769e3770 0.72 0.23 98.33 0.72
Jiaoye 1HF 2646e3654 0.8 0.39 98.09 0.69
a Data from Ref. [18].setting the limits between coal-type and oil-type gases. As for
the natural gas from the same kerogen type, the carbon isotope
values of hydrocarbons are controlled by kinetic isotope ef-
fects occurring during carbonecarbon bond breakages, rather
than from equilibrium isotope effects; so linear relationships
are observed between the carbon isotope values and the in-
verse carbon numbers of molecules of single-source natural
gas characterized by d13C1 < d
13C2 < d
13C3 [33]. The d
13C1,
d13C2 and d
13C3 values of the Huanglong natural gases in the
Sichuan Basin ranged from 37.0‰ to 30.8‰, 41.8‰ to
31.0‰, and 38.2‰ to 25.1‰, respectively, which belong
to oil-type gases. However, the carbon isotope of alkane gases




Several mechanisms have been proposed to explain these
isotopic anomalies. Dai et al. [34] summarized four reasons:
(1) mixing of biogenic and abiogenic gases, (2) mixing of
gases form sapropelic sources and humic sources, (3) mixing
of gases from two source rock intervals of the same type but of
different maturity, and (4) mixing of gases from one source
rock interval of varying maturity. Hao et al. [35] considered
that TSR could have different effects on the isotopic compo-
sitions of different hydrocarbon gas components. The differ-
ential increase in d13C values of different gas components
seemed to reflect the transformation from a heavy
hydrocarbon-gas-dominated TSR stage to a methane-
dominated TSR stage, and could result in the decrease of
d13C1ed
13C2 values and the conversion from reversed to
normal isotope distributions. Dai et al. [27] concluded that the
carbon isotopic reversal of natural gases from the Huanglong
Formation was attributed to the mixing of the light associated
gas generated by the Silurian source rock in the early stage and
the heavy oil-cracked gas formed in the late stage. The CO2
content of Huanglong gas ranged from 0.41% to 8.23%, and
the d13Cco2 value ranged from 8‰ to 1.6‰. According to
identification indicators for CO2 origins established by Dai
et al. [36], CO2 is of organic origin if the CO2 content is lessBasin.
d13C/‰ dD/‰
C3H8 Wetness/% CH4 C2H6 C3H8 CO2 CH4 C2H6
0.01 0.48 36.9 37.9 140
0.48 37.3 38.2 0.2 136
0.01 0.34 35.1 38.7 144
0.37 35.4 37.9 1.5 138
0.02 0.7 36.9 42.8 43.5 2.2 144 164
0.58 35.7 40.4 1.2 147
0.01 0.51 27 34.3 148
0.54 27.8 34.1
0.03 0.35 28.4 33.8 36.2 9.2 148 173
0.01 0.53 26.7 31.7 33.1 3.8 149 163
0.01 0.48 27.4 31.6 33.2 147 159
0.01 0.34 33.8 36 39.4 5.4 151 140
0.24 33.2 33.1 151 130
0.73 29.4 34.5 36.3
0.03 0.73 29.7 34 33.6
Fig. 2. Wetness versus d13C2 plot of shale gas from Sichuan Basin Longmaxi Formation and North America (modified after Ref. [27], partial data of Longmaxi and
Huanglong gas from Refs. [18,27]).
Fig. 3. d13C1 versus△d
13C2e1 cross-plot of shale gas from Sichuan Basin Longmaxi Formation and North America (Barnett and Fayetteville shale gas data from
Ref. [14], and partial data of Longmaxi and Huanglong gas from Refs. [18,27]).
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inorganic origin if the CO2 content is greater than 60% or
d13Cco2 is greater than 8‰. The geochemical characteristics
indicated that the CO2 of the Huanglong Formation in the
Sichuan Basin was of inorganic origin, and was mainly pro-
duced by carbonate rock dissolution by acid gases [37]. The
CO2 and H2S content of Well Tiandong 53 in the WBT gas
field were 8.23% and 5.41%, respectively, and the d13Cco2
value attained 1.6‰, results which are similar to the high
sulfur-bearing natural gases from the Lower TriassicFeixianguan Formation and the Upper Permian Changxing
Formation, indicating their carbon isotope values were prob-
ably influenced by TSR [37].
The d13C1, d
13C2 and d
13C3 values of shale gas from the
Silurian Longmaxi Formation in Sichuan Basin ranged from
37.3‰ to 26.7‰, 42.8‰ to 31.6‰, and 43.5‰ to
33.1‰, respectively, demonstrating the characteristics of oil-
type gas. However, the ordinary carbon isotope order of alkane
gases reverse, namely, d13C1 > d
13C2, revealed that the
Longmaxi shale gas had different sources. CO2 accounted for
Fig. 4. d13C2 versus d
13C3 cross-plot of shale gas from Sichuan Basin Longmaxi Formation and North America.
Fig. 5. Hydrocarbon component 1/n versus d13Cn plot of Longmaxi shale gas and Huanglong natural gas in Sichuan Basin.
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5.4‰, which revealed that they were produced by organic and
inorganic interaction and are mainly of inorganic origin. The
d13CCO2 value of Well Ning 211 reached 9.2‰, indicating
that thermal evolution of organic matter makes a larger
contribution.3.3. Hydrogen isotopic compositionThe hydrogen isotope compositions of alkane gases are
valid parameters in determining the sedimentary environmentand maturity of source rocks. In general, fresh water has a high
abundance of lighter hydrogen isotope, 1H, whereas saline
water contains a high abundance of heavier hydrogen isotopes,
deuterium. Generally, biogenic methane can be divided into
marine and non-marine facies using the hydrogen isotope
value of methane of 190‰ (dD1 ¼ 190‰) as a demarca-
tion [38e40]. If organic matters are deposited in fresh water,
the dD1 will be lower than 190‰, whereas if organic matters
are deposited in marine, the dD1 will be higher than 190‰
[38e40]. The hydrogen isotope values of methane from gases
of the Huanglong Formation and the Longmaxi Formation in
125B. Gao / Journal of Natural Gas Geoscience 1 (2016) 119e129the Sichuan Basin and Fayetteville in Arkoma Basin are higher
than 190‰, indicating their organic matters are deposited in
marine facies. The dD1 values of shale gas from the Fort
Worth Basin had a large distribution range, which may be
connected with the difference of maturity and organic matter
composition [39,40]. The dD1 values of most Longmaxi shale
gas were higher than 190‰, revealing that their organic
matter was deposited in marine source rock.
For natural gas from a single source, alkane has a tendency
of its dD values becoming higher with an increase in carbon
number and maturity as carbon isotope values do. From Table
1 and Fig. 6, we can see a positive correlation between d13C1
and dD1, which suggests that the hydrogen isotopic compo-
sition of organic thermogenic alkane gas is mainly affected by
the sedimentary environment and maturity of source rock [39].
According to the carbon and hydrogen isotopic composition of
alkane gases, the Huanglong gases can be divided into four
groups: (1) dD1 > dD2 and d
13C1 > d
13C2, including most
natural gases such as Well Wo 94, Well Tiandong 51, Well
Feng 8, Well Yuedong 1, and so on, (2) dD1 < dD2 and
d13C1 < d
13C2, taking Well Tiandong 53 for example, (3)
dD1 < dD2 and d
13C1 > d
13C2, taking Well Qili 53 and Well
Lei 12 for example. The above analysis shows that many
factors can affect the hydrogen isotopic composition of
methane and ethane; and the mixing of oil-type gases gener-
ated at various thermal evolution stages, such as oil-associated
gas formed during the early thermal revolution stage of
Longmaxi shale, the cracking gases produced by paleo-oil
reservoir and the kerogen cracking gases of late over-mature
stages, may be the main reason which gave rise to the
hydrogen isotopic reversal of Huanglong alkane gas. One
difference noted regarding the Barnett shale gas, a negative
correlation existed between d13C1 and dD1 of alkane gasesFig. 6. d13C1 versus dD1 plot of shale gas from Sicfrom the Longmaxi Formation of the Sichuan Basin.
Hydrogen isotopic reversal occurred for most of the shale
gases, namely dD1 > dD2, and the dD1 values of shale gases
were lower than those of the Huanglong natural gases, which
may be contributed to the isotopic exchange reaction of strata
water and methane under the condition of high thermal evo-
lution that is equivalent to the post-rollover stage of Tilley
[13,16].
4. Reasons for carbon isotope reversal of shale gas and
geological significance4.1. Carbon and hydrogen isotopic reversal analysisIn recent years, the carbon isotope reversal of shale gas has
increasingly gained the attention of scholars from all over the
world. Many reasons gave rise to stable isotope reversal,
mainly: (1) mixing of gases from different sources, such as
mixing of biogenic and abiogenic gases, mixing of gases of
different maturity from same source rocks, mixing of gases
from different types of hydrocarbon generation material, such
as oil-type gases and coal-type gases [34], (2) mixing of gases
from kerogen-pyrolysis and secondary cracking of oil at high
maturity [13e17,19], (3) Rayleigh fractionation during redox
reaction of gases [20], (4) isotopic fractionation introduced
from gas adsorption/desorption and diffusion [21,22], and (5)
reaction of organic compounds with water [23,24]. Among
these, the opinion on the mixing of kerogen-pyrolysis gas and
oil-cracking gas is generally accepted.
Though comprehensive analysis of the geochemical char-
acteristics of the Barnett and Fayetteville shale gases, Zum-
berge et al. [14] realized that ethane, propane and carbon
dioxide showed reversed carbon isotopic maturity trends athuan Longmaxi Formation and North America.
126 B. Gao / Journal of Natural Gas Geoscience 1 (2016) 119e129thermal maturities greater than ~1.5% VRE and gas wetness
values below ~5%. Meanwhile, the iso-butane to n-butane
ratio decreased rapidly because iso-butane is less stable than
n-butane, suggesting wet-gas cracking had occurred. Xia et al.
[15] demonstrated that the mixing of indigenous primary gas
(generated from kerogen) and secondary gas (generated from
oil and condensate) in source rock could bring about alkane
isotopic reversals versus carbon number and maturity, and
created a four-stage trend model of maturity depending on
d13C1 and d
13C2 variation. After a comprehensive analysis of
the isotope characteristics of gas from the Barnett and
Fayetteville shale, the fractured reservoirs in the Appala-
chians, and the Foothills of the Western Canada Sedimentary
Basin, Tilley et al. [16] classified gas maturation into three
stages (pre-rollover zone, rollover zone and post-rollover
zone) in sealed self-contained petroleum systems. Gas in the
pre-rollover zone is isotopically normal
(d13C1 < d
13C2 < d
13C3) unless mixing of gases from different
sources had occurred. In the rollover zone, d13C2 and d
13C3
become progressively more negative as d13C1 becomes less
negative, and ethane and methane are reversed
(d13C1 > d
13C2) only towards the most-mature portion of the
rollover zone. At the beginning of the post-rollover zone,
d13C1 is greater than d
13C2, but as d
13C2 and d
13C3 become
increasingly less negative at varying rates, ethane and propane
may or may not be reversed with respect to each other at the
highest maturities. dD1 in gases of the post-rollover zone ap-
proaches isotopic equilibrium with local formation water,
generally becoming more negative with increasing maturity.
Hao et al. [17] concluded that gas generation from kerogen
cracking at relatively low thermal maturity accounted for the
increase of iso-alkane/normal alkane ratios and d13C2 and
d13C3 values. Simultaneous cracking of kerogen, retained oil
and wet gas and associated isotopic fractionation at higher
maturity caused decreasing iso-alkane/normal alkane ratios,
lower d13C2 and d
13C3 and a corresponding conversion of
carbon isotopic distribution patterns from normal throughFig. 7. Relationship between ln(C1/C2) and ln(C2/C3)partial reversal to complete reversal. Relatively low oil/gas
expulsion efficiency at peak oil/gas generation and little gas
loss during post-generation evolution are necessary for
organic-rich shales to display the observed geochemical
anomalies. Gao et al. [19] conducted pyrolysis experiments on
type-II kerogen with maturities equivalent to vitrinite reflec-
tance (RO) between 0.7% and 1.4%, both in the presence and
absence of added water, and found that the isotope rollover
effect observed in natural highly productive shale gas plays
could be reproduced in the laboratory. The rollover point was
observed near Easy RO ¼ 1.49% or 1.65%. It was found that
H2O had a pronounced influence on the composition, yields
and carbon and hydrogen isotopic ratios of thermogenic gases,
indicating that water promoted the secondary cracking of C2þ
hydrocarbons to methane or the formation of hydrocarbon
gases by Fischer-Tropsch synthesis.
Research results show that the C2/C3 and C1/C2 ratios of
natural gas have very different trends during the process of
kerogen cracking and hydrocarbon cracking. In the process of
kerogen cracking, C2/C3 ratios basically remained unchanged
and C1/C2 changes greatly; however, C2/C3 changed greatly
and C1/C2 almost remained unchanged in the process of hy-
drocarbon cracking. Therefore, the relationship between ln(C1/
C2) and ln(C2/C3) can be used to determine the gas origin [41].
Liu et al. [42] performed the effective abundance lower limit
of dissipated soluble organic matter via simulation experi-
ment, and found that the pyrolysis gas of dissipated soluble
organic matter had an evolution trend of ln(C1/C2) and ln(C2/
C3) similar to that of liquid hydrocarbon cracking gas. From
Fig. 7, we can see that the Longmaxi shale gases of the
Sichuan Basin also had the characteristics that ln(C2/C3)
changes greatly and ln(C1/C2) varies very little, which reveals
the late cracking of soluble organic matter formed early in the
Longmaxi shale played an important role in providing a gas
source. The Longmaxi organic shale had high total organic
matter content at the stage of high and over-maturation. With
the help of organic petrology, scanning electron microscopy,of shale gas from Sichuan Longmaxi Formation.
127B. Gao / Journal of Natural Gas Geoscience 1 (2016) 119e129and nano-CT analysis, a lot of scattered solid bitumen with
high maturity and their organic nanopores were found in the
Longmaxi shale specimen prepared by argon ion polishing.
Moreover, the Longmaxi shale gas in the Sichuan Basin had
the characteristics of overpressure, taking well Jiaoye 1HF of
Fuling and well Ning 201-H1 as examples, their pressure
coefficient attained 1.55 and 2.0, respectively. Gao et al. [43]
discovered high-density methane inclusions in the samples of
quartz and calcite veins from the Wufeng-Longmaxi Forma-
tion of the Jiaoshiba shale gas field through the micro-
thermometric and Raman spectral analysis of fluid in-
clusions. The calculated trapping pressure coefficients were
1.63e2.18, and homogenization temperatures ranged from
215 C to 255 C, indicating the shale was in a state of
overpressure at the early stage of the Yanshanian uplifting.
These features show that the Longmaxi shale has favorable
conditions for kerogen and soluble organic matter cracking in
a closed system. The mixing of kerogen cracking gas and
soluble organic matter cracking gas gave rise to the carbon
isotopic reversal of the Longmaxi shale gas. The Longmaxi
shale gas had higher d13C1 values characterized by readings of
d13C1 greater than 30‰ in the Changning, Zhaotong and
Fuling areas, except the Weiyuan and Fushun-Yongchuan area.
However, d13C1 values show good correlation with the matu-
rity of Longmaxi shale in different places. In the Weiyuan
area, the RO of Longmaxi shale and d
13C1 values ranged from
2.0% to 2.2% and 37.3‰ to 35.1‰, respectively. In the
Fushun-Yongchuan area, the RO of Longmaxi shale and d
13C1
values ranged from 2.0% to 2.4% and 33.8‰ to 33.2‰,
respectively. In the Fuling area, the RO of Longmaxi shale and
d13C1 values ranged from 2.2% to 3.0% and from 29.7‰ to
29.4‰, respectively. In the Changning-Zhaotong area, the
RO of Longmaxi shale and d
13C1 values ranged from 2.8% to
3.3% and 28.4‰ to 26.7‰, respectively. That the heavier
methane carbon isotope composition of shale gases from
Fuling, Changning and Zhaotong was similar to that of the
Upper Triassic shale gases from the Western Canada Basin,
may be attributed to the cracking of kerogen and retained oil
and wet gas with a higher-maturity closed system.4.2. Indicating significance of shale gas geochemical
characteristicsSimilar to the case of natural gas, chemical composition
and carbon and hydrocarbon isotopic composition cannot only
be used to determine the genetic type of shale gas, but also to
provide important information about high production fore-
casting, existing states judgment and shale gas development.
In recent years, the carbon isotopic reversal of alkane in shale
gas has been widely found in many shale layers with high
shale-gas production and high maturity, such as Barnett,
Fayetteville, Haynesville, Marcellus and Utica in the U.S., in
the Triassic of the Western Canada Basin, and in the
Silurian Longmaxi Formation of the Sichuan Basin
[11e14,16e18,20]. Ferworn et al. [11] found that carbon
isotope reversal is a common phenomenon of productive shale
gas wells in U.S. shale plays with high maturity and organicmatter such as Barnett, Fayetteville, Woodford, Haynesville
and Marcellus. Ethane and propane isotopic rollover indicate
that when in-situ wet-gas cracking occurs at high maturities,
the fluid pressure in black shale increases due to the number of
smaller molecules generated by in-situ cracking. Meanwhile,
organic material becomes more brittle increasing kerogen
porosity and permeability. Zumberge et al. [14] found that
shale-gas productive wells were located in the region where
wetness values of shale gas were below 5%, i.e., in the isotopic
rollover or reversal region. This was likely due to overpressure
as a result of both condensate/wet-gas cracking and methane
generation from aromatized kerogen/pyrobitumen creating
more methane molecules in a closed system.
The lower black shale of the Silurian Longmaxi Formation
in the Sichuan Basin was characterized by its wide area of
distribution, thickness and high thermal maturity [18,44]. The
thickness of organic-rich shale with TOC larger than 2%
generally ranged from 10 m to 50 m, and its organic matter
type belonged mainly to the sapropelic type with maturity
ranging from 2.0% to 3.6%, which was the main source rock
of Huanglong natural gas and also the main productive layers
of Longmaxi shale gas. Based on the analysis of the existing
data, the chemical composition of Longmaxi shale gas was
predominantly composed of methane with wetness below 2%,
and the carbon and hydrogen isotopes generally reversed,
which indicated that the Longmaxi shale gas was at the post-
rollover zone provided by Tilley et al. [16]. Shale gas is
generally overpressured and its geochemical characteristics
are similar to those of gas with high maturity such as from
Fayetteville, Woodford, Haynesville and Marcellus, whose
wells have larger shale gas exploration potential and good
prospects for shale gas exploration.
5. Conclusions
The CH4 content of shale gas from the Longmaxi Forma-
tion in the Sichuan Basin ranged from 95.52% to 99.59%, with
an average of 98.54%. The heavier hydrocarbon gas content
was low, accounting for 0.23%e0.72%, with an average of
0.49%. The drying coefficient (Cl/Cle5) was more than 0.99.
These features indicated that the shale gas was of typical dry
gas. Non-hydrocarbon gas was mainly composed of N2 and
CO2, and its average content was 0.47% and 0.50%, respec-
tively. Compared to Huanglong gas, Longmaxi shale gas had a
high methane content, lower content of heavier hydrocarbon
and non-hydrocarbon gas, and no H2S.
The d13C1 values of Longmaxi shale gas ranged from
37.3‰ to 26.7‰, d13C2 from 42.8‰ to 31.6‰, and
d13C3 from 43.5‰ to 33.1‰, respectively, which indicated
that the hydrocarbon gas was that of an oil-type gas. However,
methane and ethane carbon isotope composition reversed, i.e.,
d13C1 > d
13C2. Compared with Huanglong conventional nat-
ural gas, the methane and ethane carbon isotopic composition
of shale gas were heavier, the hydrogen isotopic composition
of methane was lighter and the dD1 value is mostly greater
than dD2, all which indicated that Longmaxi shale gas was at
the post-rollover stage.
128 B. Gao / Journal of Natural Gas Geoscience 1 (2016) 119e129Longmaxi shale gas was characterized with large changes
in ln(C2/C3) and very little variation in ln(C1/C2); combined
with the analysis of its carbon and hydrogen isotope compo-
sition, it could be considered to be the result of the mixing of
kerogen cracking gas and soluble organic matter cracking gas
formed in the early thermal evolution, with the later making
more of a contribution.
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